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Retrotranspositiona b s t r a c t
Muscle-speciﬁc RING ﬁnger (MuRF) proteins are E3-ubiquitin ligases and key regulators of muscle
growth and turnover. Here, using a range of phylogenomic approaches, we established the com-
plete-deﬁnitive MuRF family of vertebrates. Adding to recognized MuRF1, 2 and 3, we describe a
novel family member, hereafter MuRF4, which was independently lost during placental mammal
and bird evolution, but is otherwise conserved.MuRF4 transcripts were expressed in heart and skel-
etal muscles of zebraﬁsh, but were barely detectable in striated muscles of adult anole lizards. We
also demonstrate that MuRF1 underwent retrotransposition in the teleost ﬁsh ancestor, before
the retrogene fully replaced the original gene and muscle-speciﬁc function.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The MuRFs have been recognized for around 14 years as a small
group of related proteins within the TRIM/RBCC superfamily [1–4].
Like other TRIM/RBCC proteins, they are characterized by a
conserved tripartite domain, which is split into an N-terminal
RING-ﬁnger motif, sequentially followed by a MuRF-family speciﬁc
conserved box (MFC), a zinc-binding B-box motif and two coiled-
coil dimerization boxes [1–4]. The C-terminal of MuRFs is less well
conserved but contains the acidic region (AR), a tail domain rich in
acidic residues [2–4]. Until now, three MuRF family members have
been characterized in vertebrates called MuRF1, 2 and 3 – also
called TRIM63, 55 and 54, respectively. Each of these MuRFs is lar-
gely restricted to cardiac and skeletal muscle [3–6], where, in
mammals, they localize to sarcomeres [4].The importance of MuRFs as regulators of mammalian striated
muscle turnover has been demonstrated through genetic, pharma-
cological and biochemical approaches, with MuRF1 receiving par-
ticular attention. In model mammal species, this molecule is a
robust marker for muscle atrophy that is transcriptionally up-reg-
ulated in response to denervation, injury, joint immobilization,
glucocorticoid treatment, sepsis, cancer, and aging [7,8]. The
knockout of each MuRF gene has been achieved in mice, both indi-
vidually [8–10] or in combination for MuRF1 and 2 [9], demon-
strating the importance of MuRF1 as a regulator of atrophy under
catabolic contexts [8] and the individual or combined importance
of MuRFs in the normal development [9] and protection of heart
muscle [10]. In terms of their roles as E3-ubiquitin ligases,
characterized mammalian MuRF targets include major sarcomeric
proteins such as myosin heavy chain, myosin light chain and tropo-
nin-I, [11–13], while additional binding partners are known
[2,10,14] that may or may not be targeted for degradation [2].
Progress made in understanding the functions and regulation of
mammalian MuRFs is not mirrored at the evolutionary level. The
major focus of MuRF research has been on MuRF1 in human and
mouse, particularly in the context of muscle atrophy. Due to a
general lack of work with other vertebrate taxa, it still remains
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sentative of the remaining ninety percent of vertebrate species,
where muscle turnover is just as crucial for survival. It is currently
thought that many teleost ﬁsh have orthologs of mammalian
MuRF1, 2 and 3 [5,6,15–19], suggesting the family arose during
early vertebrate evolution. In addition, MuRF1 and/or 2 are trans-
criptionally induced in the skeletal muscle of teleosts under a
range of conditions promoting muscle remodeling, including fast-
ing [5,6,15,16], spawning [6] and treatment with lipopolysaccha-
ride [5] and 17b-estradiol [20]. Therefore, the function of MuRFs
in muscle atrophy is thought to be conserved. However, current
data on MuRF evolution and conservation is not comprehensive,
especially considering that a restricted taxonomic focus during
gene family characterization studies may limit discovery of ances-
tral vertebrate gene family repertoires [21]. Motivated by such
issues, this studies aim was to characterize the complete verte-
brate MuRF family. Our ﬁndings reveal a hitherto unrecognized
MuRF family member and the existence of functional MuRF1 retr-
ogenes in all teleosts – the single largest vertebrate group.2. Materials and methods
2.1. Sequence searches
We searched for and downloaded vertebrate MURF genes from
genome assemblies available in Ensembl (http://www.ensem-
bl.org/). Details of the species studied, including assembly versions,
used is provided in Table S1. Searches were facilitated by the
EnsemblCompara GeneTrees paralogy function [22]. We also
searched for MuRF sequences using BLAST [23] against a range of
National Center for Biotechnology Information (NCBI) databases,
including non-redundant proteins and shotgun-transcriptome
assemblies.
2.2. Phylogenetic analyses
58 putative MuRF sequences were aligned at the AA-level
using MAFFT [24] and the GUIDANCE algorithm [25,26] to gain
statistical conﬁdence at each aligned site. After ﬁltering sites
below the recommended cut-off [25,26], sequences were
uploaded to Mega 5.0 [27], where the best-ﬁtting amino acid
(AA) substitution model was identiﬁed by maximum likelihood
(ML). According to Bayesian model selection, this was Jones–Tay-
lor–Thornton AA substitution model (JTT) [28] with estimation of
the gamma parameter to account for among site rate variation.
The same sequence data and substitution model was used in a
Bayesian phylogenetic analysis performed in BEAST v.1.7 [29],
employing an uncorrelated lognormal relaxed molecular clock
model [30], a Yule speciation prior [31] and a UPGMA starting
tree. The BEAST analysis was run twice using a Markov chain
Monte Carlo (MCMC) chain of 10,000,000 steps, sampling every
500 steps. Convergence of the MCMC chains was conﬁrmed using
Tracer v.1.5 (http://tree.bio.ed.ac.uk/software/tracer/). A maxi-
mum clade credibility tree from one run was produced with Tre-
eAnnotator [29] after removing the ﬁrst 10% of MCMC samples.
We used the same data for ML phylogenetic analyses performed
in PhyML [32] via an online service [33], employing the same
substitution model and an approximate likelihood ratio test
(aLRT) [34] to gain support for branching patterns.
The same approaches were used to create further Bayesian and
ML phylogenies either for more limited sets of MuRF sequences, or
the original complete set plus additional TRIM/RBCC family mem-
bers from human (Homo sapiens) and zebraﬁsh (Danio rerio).
Ensembl identiﬁer numbers for all MuRF and TRIM family member
sequences used are provided within ﬁgures. All sequence align-ments used in phylogenetic analysis are provided in the supporting
information (Fig. S1A–C).
2.3. Comparative genomics and sequence analyses
We established MuRF protein domain organization with respect
to gene intron–exon structures based on Ensembl gene model pre-
dictions. All protein domain annotations were made by compari-
son to the MuRF1 reference sequence from H. sapiens (NCBI
RefSeq: NP_115977). We used the NCBI tool Open Reading Frame
Finder to identify putative MuRF1 retrogenes from genomic
sequences downloaded from Ensembl for various teleost species.
2.4. Transcript expression analyses
We used quantitative polymerase chain replication (qPCR) to
estimate the relative mRNA expression of the full repertoire of
MuRF genes in Anolis carolinensis (anole lizard, Tetrapoda) and D.
rerio (zebraﬁsh, Teleostei). Accordingly, four and six respective pri-
mer pairs were designed to MuRF gene exons (Table S2). Primers
were positioned in highly differing regions between MuRF genes
and, when possible, in different exons or spanning exon-bound-
aries. The ﬁrst strand complementary cDNA (cDNA) samples used
for each species have been described elsewhere, along with
detailed methods of the qPCR study design [21,35]. Brieﬂy, the
cDNAs were reverse transcribed from total RNA pooled for four
and six adult individuals of anole lizard and zebraﬁsh respectively.
The reverse transcriptions included a genomic DNA removal step.
The cDNA samples were run in duplicate qPCR assays including
gene-speciﬁc primers and Brilliant III ultra-fast SYBRgreen (Agilent
Technologies) on an Mx3005P system (Agilent Technologies). For
eachMuRF assay, all the samples were run within single plates that
always included minus-cDNA controls and equivalent assays for
rps13, a reference gene used for normalization [21,35]. Dissociation
curves were used to ensure a single product was ampliﬁed in all
ﬁnal qPCR assays. The data was analyzed in Genex v.5. (MultiD
Analyses AB) with each gene placed on a relative scale following
normalization to rps13 before ﬁnal presentation in the style of a
Northern dot blot [36]. Despite using qPCR, this method should
be considered semi-quantitative, given the lack of biological repli-
cation, and the fact that it does not account for differences in pri-
mer efﬁciency/lacks a robust normalization strategy.3. Results and discussion
3.1. Identiﬁcation of MuRF genes in vertebrate genomes
We searched for MuRF genes in taxa broadly spanning the ver-
tebrate phylogeny. MuRF1, 2 and 3 share around 50% AA identity
and can therefore be easily distinguished from the next closest
TRIM/RBCC members, which share less than 25% identity with
any MuRF. In several distantly related species, including coela-
canth, spotted gar, anole lizard, platypus and Tasmanian devil,
we identiﬁed four distinct putative MuRF genes. However, unlike
teleost ﬁsh, where MuRF family gene duplicates are recognized
[5,6], which may result from teleost-speciﬁc whole genome dupli-
cation (WGD) events [e.g. [37,38]], these species have not under-
gone WGDs beyond those common to all vertebrates (i.e. two
WGD rounds [39]).
3.2. Phylogenetic analysis of MuRF proteins
Phylogenetic analyses were used to determine evolutionary
relationships among putative MuRF sequences. Initially, we built
trees based on MuRF sequences alone, i.e. excluding other TRIM
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porates a relaxed molecular clock model allowing statistical infer-
ence of the tree’s root [29,30] without enforcing distant outgroup
sequences as the root, which can lead to branching artefacts during
analyses of vertebrate gene families [e.g. [40,41]]. The Bayesian
tree, along with supporting data from an independent ML recon-
struction, is presented in Fig. 1, where the sequences split into four
strongly supported clades. Each of these clades contains a range of
vertebrate species that last shared an ancestor before the divide of
the lobe-ﬁnned ﬁsh (i.e. the group containing tetrapods such as
humans) and ray-ﬁnned ﬁsh (i.e. the group containing teleost ﬁsh)
(Fig. 1). Within each clade, the branching patterns were largely
congruent with expected phylogenetic relationships and most of
the major taxonomic groups were represented (Fig. 1).
The recognized mammalian MuRFs each fell into one of the four
vertebrate clades (Fig. 1), providing strong support for the exis-
tence of true MuRF1, 2 and 3 orthologs in a wide range of jawed
vertebrates. The fourth MuRF clade contains a zebraﬁsh sequence
previously identiﬁed in a study of teleost TRIM family genes [17],
where it was tentatively called TRIM101, but was not linked to
the MuRF family. As for MuRF1, 2 and 3, a broad range of verte-
brates are represented in this clade, which thus represents a group-
ing of novel vertebrate orthologs, hereafter called MuRF4. Under
the Bayesian method, MuRF4 received maximal support as being
ancestral to MuRF1, 2 and 3 (Fig. 1). However, this arrangement
was not recaptured in ML analysis (Fig. 1).
We repeated the Bayesian and ML phylogenetic analyses
including sequences for human and zebraﬁsh TRIM/RBCC super-
family members that are most closely related to MuRFs in terms
of sequence identity (TRIM9/13/46/59/67). Using both methods,
the vertebrate MuRF sequences formed a single grouping with
maximal statistical support (Fig. 2A). This provides evidence that
MuRF4 is a new member of the vertebrate MuRF family. This is
independently supported by comparison of N-terminal RING-
ﬁnger and MFS domains, where MuRF4 shares a similar level of
identity with MuRF1, 2 and 3 as these proteins do to one another
(Fig. 2B).
The inclusion of TRIM/RBCC outgroup sequences recovered a
distinct branching of the four MuRF clades when compared to their
exclusion (compare Figs. 1 and 2A). In the Bayesian outgroup tree,
MuRF1 and 3 share a sister relationship, as do MuRF2 and 4,
although the support for these groupings is weak, and were not
recovered with ML reconstruction (Fig. 2A). Thus, phylogenetic
analysis alone cannot resolve evolutionary relationships among
the different MuRF family members.
3.3. Duplications of teleost MuRFs
There was evidence for the presence of teleost-speciﬁc gene
duplicates for MuRF1 and 2, but not MuRF3 and 4 (Fig. 1). MuRF1
and 2 sequences split into two sister clades, each represented by
distant teleost species, often including the same species (Fig. 1;
branches colored red and blue to show paralogous groups). We
propose that future studies of teleost MuRFs employ a nomencla-
ture using ‘A’ and ‘B’ to distinguish the two teleost paralogues
(highlighted in Fig. 1).
3.4. Distribution and losses of MuRFs in vertebrate genomes
The number of MuRF family genes identiﬁed in Ensembl verte-
brate genomes ranged from two to four. MuRF1 and 2 were repre-
sented among all the major vertebrate lineages (Fig. 3), while
MuRF3 was not identiﬁed in reptile (n = 2) or amphibian genomes
(n = 1). However, BLAST searches revealed true MuRF3 orthologs
in the amphibians Xenopus leavis and Hynobius chinensis as well
as the reptile A. carolinensis (Fig. S2). Thus, we conclude thatMuRF1, 2 and 3 are represented in all the major vertebrate lineages
(Fig. 3).
There was no evidence for a MuRF4 ortholog in any placental
mammal genome in Ensembl. As this represents over thirty gen-
ome assemblies spanning the entire evolution of this group, it is
parsimonious to conclude a true loss of MuRF4 in a stem placental
mammal. There was also no evidence for a MuRF4 ortholog in any
Ensembl avian genome (n = 5). We performed BLAST searches
against the complete predicted protein complements of 13 avian
genomes (8 additional to Ensembl), where the top hits were invari-
ably MuRF2. As for mammals, the species searched broadly span
the avian phylogeny. Thus, we conclude that MuRF4 was lost dur-
ing an early point of avian evolution, independent from placental
mammals (Fig. 3). Otherwise,MURF4 is found in species represent-
ing all major remaining vertebrate groups, which account for
around three-quarters of known species (Fig. 3).
3.5. Conservation of MuRF gene and protein structures
The protein domain structure of each MuRF family member was
characterized with respect to genomic organization in representa-
tive mammal and teleost species (Fig. 4). We observed that MuRF
family member genes (barring zebraﬁsh MURF1 paralogues; see
next section) share genomic features, including conservation of
exon length leading up to the AR domain, along with positional
conservation of protein domains with respect to exon boundaries.
The length of the MFC, BBOX and BBC domains is almost invariant
among MuRF family members, while the RING and AR show
greater length variation (Fig. 4). We also observed putative intron
gain events in MuRF2A of zebraﬁsh and MuRF4 of Tasmanian devil
(black arrows in Fig. 4). These data clearly highlight conservation of
genomic organization among MuRF genes and add another level of
support to the status of MuRF4 as a true MuRF family member.
3.6. Teleost MuRF1 paralogues are functional retrogenes
Zebraﬁsh MuRF1A and 1B are intronless genes (Figs. 4 and 5)
and there is no evidence for zebraﬁsh MuRF1 copies containing
introns. This ﬁnding might be explained if, during the evolution
of zebraﬁsh, MuRF1A and 1B mRNAs (transcribed from intron-con-
taining genes) were independently reverse-transcribed to cDNAs
then reinserted into the genome by retrotransposition [42], there-
after replacing the original genes. However, we consider this
hypothesis implausible, given that retrotransposition followed by
functional replacement of the original intron-containing gene
was recently quantiﬁed systemically in humans and represents
an extremely rare evolutionary event [43], unlikely to affect two
related genes by chance.
A more parsimonious model is that a MURF1 retrogene func-
tionally replaced a single ‘mother’ MURF1 gene in an ancestor to
teleost ﬁsh, with the retrogene then being duplicated during the
basal teleost WGD [37,39] and the resultant paralogues subse-
quently descended during evolution. This model predicts the pres-
ence of two teleost MURF1 sister clades in phylogenetic analysis
(as observed in Fig. 1; corroborated in Fig. 5), and that all teleost
MURF1 genes are intronless. Indeed this second prediction is
strongly supported, as all identiﬁed teleost MURF1 genes code a
complete MuRF1 protein with all MuRF domains within a single
uninterrupted open reading frame (Fig. 5; see Fig. S1D). The spot-
ted gar, a ray-ﬁnned ﬁsh that split from teleosts over 350 million
years ago (before the teleost-speciﬁc WGD [44]), contains the same
MURF1 genomic organization as a range of lobe-ﬁnned ﬁsh lin-
eages, including tetrapods (Fig. 5). Thus, we hypothesize that a
putative MURF1 retrotransposition event occurred speciﬁcally
within the teleost lineage, sometime before the basal WGD event
[39,41] (Fig. 5).
Fig. 1. Bayesian phylogenetic tree of ﬁfty-eight MuRF sequences spanning vertebrate evolution. The analysis was based on a high-conﬁdence alignment of 290 AA sites
(Fig. S1A). The length of branches is proportionate to an uncalibrated timescale. Posterior probability branch support values from the Bayesian analysis, along with
proportionate bootstrap support values from a supporting ML analysis are provided at each node (given as underlined and non-underlined numbers, respectively; values
greater than 0.5 shown). Monophyletic clades that support jawed-vertebrate wide MuRF family members are shaded in different colours.
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Fig. 2. (A) Circular cladogram depicting Bayesian/supporting ML phylogenetic analyses of sixty-eight sequences including the MuRFs presented in Fig. 1, along with
additional out-group sequences from the TRIM/RBCC family. The analysis was based on a high-conﬁdence alignment of 208 AA sites (Fig. S1B). Other details are as described
in the Fig. 1 legend. (B) Sequence alignment highlighting the conservation of the RING and MFC domains in MuRF proteins with respect to the next most-related proteins of
the TRIM/RBCC superfamily.
Fig. 3. (A) Diagram summarizing the evolutionary conservation of different MuRF family members in major vertebrate lineages according to the results of this study. (B) Key
for silhouette diagrams highlighting vertebrate lineages in part A. Established evolutionary relationships are shown in the form of a cladogram that is not scaled.
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Fig. 4. Protein domain organization of the vertebrate MuRF family for representative mammalian and teleost species, presented with respect to gene structure. Exon
boundaries are shown as solid black vertical lines and conserved MuRF domains are shaded grey and indicated by text above mammalian orthologs of each MuRF family
member. Also shown for each MuRF protein is the number of AAs comprising different exons and MuRF domains (numbers in italic and bold text, respectively).
Fig. 5. Evidence for an ancestral retrotransposition ofMuRF1 during teleost evolution. On the left side of the ﬁgure, an empirical Bayesian/supporting ML phylogenetic tree is
shown built from ﬁfteen MuRF1 sequences, including a range of teleost species not included in Figs. 1 or 2. This tree was based on a high-conﬁdence alignment of 345 AA sites
(Fig. S1C). Other details about the phylogenetic analysis are as described in the Fig. 1 legend. On the right side of the ﬁgure, MuRF1 gene structures are shown to scale,
including protein coding exons (solid black rectangle), untranslated exons (unﬁlled rectangles) and introns (lines between exons). Many teleost MuRF1 genes are incorrectly
predicted to have one or a small number of short introns in Ensembl (example provided in Fig. S1D). However, these predictions are spurious, because the associated protein
models lack a complete MuRF domain structure (i.e. as described Fig. 4; see Fig. S1D). Conversely, if the genomic region containing MuRF1 genes is translated as a single ORF
(as predicted correctly in some teleost species) the resultant proteins contain all recognized MuRF domains (see Fig. S1D).
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To examine the conservation of MuRF gene family expression
in distant vertebrate taxa, we performed qPCR assays to estimate
tissue transcript levels of MuRF genes in adult anole lizards and
zebraﬁsh, species separated by around 420 million years evolu-
tion [45]. We used the housekeeping gene rps13 as a reference
gene to normalize the data, which was expressed abundantly in
all tested tissues. In lizards, MuRF1, 2 and 3 transcripts weremuch more abundantly expressed in heart and skeletal muscle
than other tissues (Fig. 6A), as observed previously in mammals
[4]. However, MuRF4 transcripts were barely detected in striated
muscles, despite being detected in brain (Fig. 6A). We also
detected low levels of MuRF1, 2 and 3 transcripts in the lizard
brain, at comparably lower levels than MuRF4 (Fig. 6A). As
observed in mammals [4], MuRF3 was present to some extent in
all the examined tissues, but at relatively low levels outside stri-
ated muscles (Fig. 6A).
Fig. 6. qPCR estimated transcript expression of MuRF gene repetoires across tissues of (A) adult anole lizards, and (B) adult zebraﬁsh. White bubbles are scaled to show
relative transcript levels within each species, normalized to the reference gene rps13.
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except MuRF3, observing predominant striated muscle expression
in each case, including for MuRF4 (Fig. 6B). However, low levels
ofMuRF family member transcripts were also detected in zebraﬁsh
tissues outside striated muscle (Fig. 6B). While we failed to detect
MuRF3, a previous study used qPCR to quantify MuRF3 transcript
expression in zebraﬁsh tissues, revealing highest expression in
skeletal muscle [17].
These data conﬁrm that zebraﬁsh MURF1 retrogenes have
expression consistent with striated-muscle speciﬁc functions. Past
studies with zebraﬁsh [46,47] and other teleost species [see intro-
duction] have also clearly shown that MuRF1 retrogenes are highly
transcriptionally-responsive to conditions favouring muscle atro-
phy. Therefore, teleost MuRF1 retrogenes and intron-containing
orthologs from mammals evidently conserve similar roles. This in
turn suggests that a MuRF1 retrogene ‘perfectly’ replaced the func-
tion of an ancestral MuRF1 gene during teleost evolution. This is
notable, considering that when a retrogene is inserted into a gen-
ome, it will normally lack regulatory sequences required for tran-
scription (e.g. a promoter) [48], let alone sequence elements
regulating transcription under different biological contexts. Tran-
scriptional regulation of mammalianMuRF1 in response to atrophy
depends on promoter transcription factor binding sites for nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-jB),
forkhead box protein class O (FoxO) and glucocorticoid receptor
(GR) transcription factors, which may act separately or in synergy
depending on the context [49,50]. Such inherent complexity in the
MuRF1 promoter makes it unlikely that a MuRF1 retrogene
instantly replaced the expression of the ancestral MuRF1 gene.
Therefore, teleost MuRF1 may provide a useful model system to
study evolutionary mechanisms that lead to complete functional
replacement of genes by retrogenes, a topic that was recently dis-
cussed elsewhere [43].
3.8. Conclusions
This study establishes that the vertebrate MuRF family is com-
prised of four genes that were present in a basal ancestor to jawed
vertebrates. The results demonstrate that MuRF genes, including
MuRF4 in zebraﬁsh, are predominantly transcribed in heart and
skeletal muscle in distant vertebrate taxa. This suggests that the
main ancestral role of MuRFs was in striated muscle. Equally, ourdata accommodates the possibility thatMuRF functions within stri-
ated muscles can be secondarily lost, at least at certain life stages,
as observed for MuRF4 in adult lizards. The observation of MuRF
expression outside striated muscles in both zebraﬁsh and lizard,
albeit at a relatively low level, also points to the possibility of func-
tions outside muscle. Finally, future work might consider further
characterizing the roles of MuRF4, a gene that was dispensable in
placental mammal and bird evolution, but has otherwise been
maintained in vertebrates.Acknowledgements
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